The recrystallization kinetics of 3% Si steel after hot rolling and plane strain compression at strain rates from 0.05 to 5 s Ϫ1 over a temperature range of 800 to 1 100°C have been investigated. The flow stress of the ferritic 3 % Si steel Indicates that the dynamic recovery rate is about two orders of magnitude faster than in austenite. Recrystallization rate after hot rolling is affected by deformation variables and is strongly influenced by the initial grain size. In coarse grained material, retardation of recrystallization resulted in the appearance of a plateau in the recrystallization curves. Austenite present during deformation affects both the strength during deformation and the subsequent recrystallization kinetics.
Introduction
Silicon steels containing up to 5 % Si are the most important ferromagnetic materials produced today, and form the cores of a large range of electrical machines. These electrical steels are of non-oriented or oriented forms. The factors affecting magnetic properties, resistivity, grain size, and texture can be controlled through proper choice of composition and processing conditions. 1) With carbon contents of less than 0.02 %, iron-silicon alloys have a gamma loop extending to about 2.5 % silicon, Fig. 1 . The basic composition of commercial high permeability grain-oriented silicon steel is 3 % Si and 0.07 % C. This combination of elements is known to expand the gamma loop, as evidenced by the work of Leslie et al., 2) who found that a carbon content of 0.07 % in otherwise pure iron-silicon alloys extended the gamma loop from 2.5 % up to 6.5 % Si, with the maximum amount of austenite at about 1 150°C. The major influence of carbon content on the amount of austenite present in a 3.25 % Si steel is clearly shown in Fig. 2 .
Suitable thermomechanical processing is needed to implement strict texture control.
3) At hot working temperatures, it is generally accepted that recovery dominates the restoration process of ferritic silicon steel, and little attention has been paid to the recrystallization behaviour at high temperatures. However, in recent years warm rolling of steels in the ferrite range, especially interstitial free (IF) steels, has increasingly attracted the attention of investigators. [4] [5] [6] In this context, 3 % Si steel can be used as an experimental vehicle for the study of deformation and annealing phenomena in body-centered cubic materials to provide valuable information on recrystallization behaviour, when the low carbon content steel is ferritic at all temperatures and only undergoes dynamic recovery during deformation.
The aim of this paper is to discuss some of the effects of composition, microstructure, and hot deformation variables. The effects of partial transformation to austenite during reheating for hot rolling of 3 % Si steel with two different compositions, chosen to be representative of commercial practice, on the static recrystallization behaviour and on the evolution of microstructures are presented. Detailed quantitative analysis of the effects of the internal and processing variables on the development of recrystallization in each of the alloys will be presented in later papers.
Materials and Experimental Techniques
The experimental study mainly involved hot rolling and subsequent metallographic examination, with some supplementary plane strain compression testing. The experimental work was conducted using samples of two alloys of 3 % Si steel of commercial purity. These materials will be referred to as Mat(A) and Mat(B), and had the composition given in Table 1 . Mat(A) was supplied by British Steel (now Corus), Ravenscraig Works, Scotland, as 30 mm thick hot rolled commercial plates with an initial grain size of 850Ϯ50 mm, Fig. 3(a) . Small experimental slabs 150 mmϫ50 mmϫ 30 mm thickness of Mat(A) were hot rolled at 1 100°C by two passes of 30 % reduction and annealed at 1 100°C for 1 h to generate a smaller starting grain size. Material which received this treatment will be referred to as Mat(A1) and had a starting thickness of 14.7 mm. Further slabs of Mat(A) and Mat(A1) were decarburized to reduce the carbon content; these materials will be referred to as Mat(A2) and Mat(A3), respectively. The composition of Mat(B), Table 1 , was chosen to be comparable with the commercial silicon steel, but with silicon sufficiently high and carbon sufficiently low, to avoid partial phase transformation into austenite upon reheating or cooling during processing, Figs. 1 and 2. It was air melted in a laboratory induction furnace and cast into two hot topped ingots of 76 mm in diameter. The ingots were machined into round billets 72 mm dia., reheated at a temperature of 1 150°C for 1 h, and extruded to rectangular bars of 28 mm width and 15 mm thickness. After extrusion the material had a uniform recrystallized structure with grain size of 233Ϯ10 mm, Fig. 3(b) .
Experimental Rolling
All materials were laboratory rolled from small slabs.
The slabs were shot blasted to remove any scale and a 1.6 mm dia. hole was drilled through the width direction to the center-line of each one. A chromel-alumel thermocouple was inserted in this hole to measure the temperature during reheating and rolling operations. The thicker slabs (Mat(A) and Mat(A2)) were reheated at the rolling temperature for 60 min and the thinner slabs (Mat(A1) and Mat(A3)) for 40 min under an exothermic gas atmosphere to avoid scaling. The hot rolling was performed in a 50 t Hille laboratory rolling mill with measurement of rolling loads and rolling speed. The peripheral roll speed was kept constant at 222 mm/s throughout the experiments. Most of the slabs were rolled in a two-pass reduction schedule with 30 % reduction per pass and a start rolling temperature (T R ) of 1 100°C. After rolling, most slabs were immediately water quenched within an average time of 2 s between exit from the rolls and quenching. In order to examine the microstructure at each stage of the hot rolling process, additional samples were water quenched from the reheat temperature immediately prior to hot rolling, and after the first pass. The quenched slabs after rolling were cut into small pieces, Fig. 4 , for recrystallization annealing. During reheating of the small pieces, the period of increasing temperature was converted to an equivalent isothermal time (t eq ) at the annealing temperature using Whittaker's equation 7, 12) t eq ϭSexp(ϪQ rex /RT i )dt i /exp(ϪQ rex /RT) ........... (1) where, T i is the temperature in a particular time interval, dt i , T is the annealing temperature, and Q rex is the activation energy for static recrystallization, which has been found in the present work to be 230 kJ · mol
Ϫ1
. After annealing and subsequent quenching, the samples were cut 2 mm from the central longitudinal plane, Fig. 4 , to remove any annealing effects caused by deformation when cutting the original pieces. The microstructures were examined by optical microscopy after electrolytic etching in Morris' reagent.
8) The volume fraction recrystallized and the volume fraction of austenite (martensite after quenching) were determined by point counting, using a grid attached to the screen of the projection microscope. The recrystallized grain size was determined using mean linear intercepts. Sufficient points or intercepts were measured to give relative errors of less than 5 % of the measured values of volume fraction and grain size. The measurements were carried out on longitudinal sections along lines at 1/4 thickness below the surface and at the centre of the slabs.
Plane Strain Compression Testing
Plane strain compression testing was carried out in a computer controlled servo-hydraulic machine. The equipment has a reheating furnace and a separate testing furnace, which encloses the tools. The characteristic features of the machine have been described elsewhere. 9) Specimens of 10 mm thickness were machined from the coarse and fine grained materials and chromium plated to give a 3 mm thick layer. The plating protects the surface from oxidation, which could lead to erratic frictional effects. A water-based glass lubricant was then applied and allowed to dry overnight. The specimens were reheated for 20 min in the reheating furnace set at the testing temperature, transferred to the testing furnace and held for 2 min before each test in order to eliminate the thermal gradients introduced during transfer between furnaces. The tests were performed on specimens of Mat(A), Mat(A2) and Mat(A3) at constant equivalent strain rates of 0.05, 0.5, and 5 s Ϫ1 over the temperature range of 900 to 1 100°C.
Experimental Results

Metallography of Reheated and Deformed Slabs
Examination of samples of Mat(A) quenched from the reheating temperatures indicated that some martensite was present, Fig. 5 . Increasing the reheating temperature leads to an increase in the amount of austenite (martensite after quenching). The amount of austenite measured in samples reheated at 1 100, 1 000, 900 and 800°C was approximately 16 %, 12 %, 5 % and 2 %, respectively.
Examination of samples quenched immediately after the two pass rolling schedule with 30 % reduction per pass at a start rolling temperature of 1 100°C showed deformed grains, Fig. 6 (a), with a fairly well developed and equiaxed sub grain structure within the deformed grains, Fig. 6 (b). It is also apparent from Fig. 6 that static recrystallization has started during the quenching delay of about 2 s after rolling (Xϳ8%). The statically recrystallized grains are free from substructure, have smooth boundaries and are approximately equiaxed.
Hot Deformation Behaviour
The equivalent stress-equivalent strain curves for materials with and without austenite tested at 5 s Ϫ1 are shown in Fig. 7 . It is clear that there is a strength difference between 
Fig. 7.
Comparison between stress-strain curves for materials with and without austenite present during hot deformation at different temperatures and a strain rate of 5 s Ϫ1 .
single-phase material and material containing austenite. This difference decreases as temperature of deformation is decreased and the volume fraction of austenite decreases. There is no significant effect of the difference in grain size between Mat(A2) and Mat(A3). The stress at a fixed strain is plotted as a function of strain rate at different temperatures on a logarithmic scale in Fig. 8 , and follows a power law relationship over the experimental range of conditions. The measured rolling loads in a number of single pass, 1ϫ30 % reduction, rolling experiments on single phase ferrite material, Mat(A3), were converted to equivalent mean flow stress using Sims' theory.
10) The mean flow stresses obtained from rolling and plane strain compression tests are plotted as a function of temperature compensated strain rate, Zener-Hollomon parameter, (Z), in Fig. 9 . These results give excellent agreement between the plane strain compression and rolling tests. The activation energy for deformation used in the calculation of Z was 315 kJ · mol Ϫ1 , determined in the present work.
Static Recrystallization
Preliminary experiments showed that when recrystallization results are plotted in terms of equivalent isothermal time, there was no difference in behaviour between specimens annealed directly after rolling, and those that had been water quenched and then reheated and annealed for an equivalent time, Fig. 10 .
Detailed examination was carried out on specimens of Mat(A) deformed at a starting rolling temperature of 1 100°C. The progress of recrystallization at a 1/4 thickness below the surface of specimens as a function of annealing time is shown in Fig. 11 . For the short annealing times, Fig.  11(a) , the number of recrystallized grains and their size increases, c.f. Fig. 6 . With longer time, this process continues until a limiting partially recrystallized structure, Fig. 11(b) , is attained. The substructure in the remaining elongated grains tends to be more clearly resolved, but there is no evidence of nucleation of new recrystallized grains. At even longer times, Fig. 11(c) , there is still no evidence of further nucleation, but some of the elongated grains have recovered extensively to lose all their apparent substructure, leading to an increase in the fraction effectively "recrystallized".
The progress of static recrystallization at different temperatures is shown in Fig. 12 , as a function of time for observations at 1/4 thickness below the surface. As can be seen from Fig. 12 , the recrystallization curves at 1 100 and 1 000°C consist of three distinct stages: the volume fraction of recrystallization increases rapidly initially to about 80 % and 45 % at 1 100 and 1 000°C respectively (stage 1), leading to plateaux at about 100 s and 500 s, after which the volume fraction recrystallized, X, remains almost constant and strain rate for materials with and without austenite present during the deformation. even though the annealing time has increased by about one order of magnitude (stage 2). Finally there is a gradual increase in apparent X (stage 3). At 900°C the recrystallization hardly changes with time, while there is almost no recrystallization at 800°C. Figure 13 compares X for 1/4 thickness below the surface of the slabs and for the centreline versus time for Mat(A) at 1 100°C, when the austenite is homogeneously distributed through the whole section of the slab. It is clear that recrystallization is more rapid at 1/4 thickness and leads to a higher fraction recrystallized at the plateau. During the recrystallization anneal, decarburization occurred progressively from the slab surfaces, leading to a reduction in the austenite (martensite) content, as illustrated in Fig. 14 . The decrease in austenite content as a function of time of annealing at 1 100 and 1 000°C is quantified in Fig. 15 . This shows that decarburization is more rapid at 1 100°C, curve (a), than at 1 000°C, curve (b), and, as expected, it occurs earlier at 1/4 thickness, curve 1, than at the slab centre, curve 2. The thermomechanical treatment of Mat(A) to obtain the finer grain size in Mat(A1) also resulted in partial decarburization, so that austenite was still present in this material at the centre, but not at 1/4 thickness, when it was given the two pass rolling and subsequent recrystallization annealing treatment. The resulting heterogeneity of the recrystallizing structure in Mat(A1) is clear from the optical micrograph in Fig. 16 . It is interesting to compare the recrystallization behaviour of Mat(A1), austenite free. It can be seen in Fig. 18 that the recrystallization at 1/4 thickness in Mat(B) is faster than at the centre, in agreement with the results for Mat(A), Fig. 13 , in which 16% austenite was uniformly distributed through the slab during the two-pass rolling, whereas in Mat(A1), Fig. 17 the converse behaviour is observed. To examine the effect of austenite in the coarse grained material, slabs of Mat(A) were decarburized by annealing at 1 100°C for 2 h to produce Mat(A2) and were then given two-pass rolling at 1 100°C and subsequently annealed at 1 100°C, with the re- 
Discussion
Austenite Content
From the Fe-Si phase diagram, Fig. 1 , no austenite should be present in 3.31 % Si steel with less than 0.02 % carbon, as found for Mat(B). However, in Mat(A), with 3.16 % Si and 0.036 % C reheating for 60 min at 800, 900, 1 000 and 1 100°C resulted in the presence of 2 %, 5 %, 12 % and 16 %, respectively. These values follow a curve intermediate between the curves for 0.033 % and 0.051 % C in the steel of 3.25 % Si, Fig. 2 , indicating that the microstructure prior to rolling probably had the equilibrium austenite content. This was unchanged by rolling, but longterm annealing in the controlled atmosphere resulted in decarburization and hence, as expected from Fig. 2 , to a decrease in the austenite content to zero when the carbon content is less than about 0.02 %, Fig. 15 . The austenite particles are relatively coarse, and there was no evidence that they retarded grain boundary migration during recrystallization, or that concurrent decarburization was responsible for the plateau in the recrystallization curves for Mat(A), Fig. 13 , because the coarse grained material with no austenite, Mat(A2), gave a similar plateau, Fig. 19 . However, the presence of austenite during plane strain compression influenced the flow stress and its presence during rolling had a major influence on the subsequent recrystallization behaviour.
Hot Deformation
The stress-strain curves at different temperatures and a constant strain rate of 5 s
Ϫ1
, Fig. 7 , are similar in form to those for all the deformation conditions investigated. The characteristics of these curves are in agreement with those of the stress-strain curves reported by other workers when dynamic recovery is the only operative softening process. In both the coarse and fine-grained materials investigated, steady-state is established at strains ranging from 0.3 to 0.5. The curves for single phase ferrite also show no effect of grain size in the range 180 to 850 mm. Analysis of these curves for 5 s Ϫ1 and for other strain rates, Fig. 8 , using the procedures described for aluminium alloys 11) leads to an activation energy of 315 kJ · mol Ϫ1 for hot working, in the temperature range of 900 to 1 100°C for 0 % austenite. This value is in good agreement with the limited data available on 3 % Si steel, and is only slightly higher than the one found by Whittaker et al. 12) of 290 kJ · mol Ϫ1 , obtained by hot torsion in the temperature range of 800 to 1 100°C.
Over the limited range of test conditions studied, there is a power law relationship between the steady state flow stress (s s , MPa) and the strain rate, which for single phase ferrite can be represented in terms of the Zener Hollomon parameter (Z, s There is evidence from the stress-strain curves at a constant value of Z, that the stress at a particular strain for Mat(A) is higher than for the single-phase materials Mat(A2) and Mat(A3). This difference in strength increases with increasing temperature as the volume fraction of austenite in Mat(A) increases with increasing reheating temperature. Assuming that the increase in strength can be represented by a simple law of mixtures, and that the similarity in the observed activation energy for 3 % silicon ferrite to reported values for austenite means that the ratio of strengths of austenite (s s (g)) to ferrite (s s (a)) is not dependent on temperature and strain rate, then leads to a value of The relationship between flow stress and strain (e) 11) ........... (6) can therefore be simplified to ............ (7) where e r is a relaxation strain that can be related to the steady state stress by the form of relationship found for aluminium alloys 11) as e r ϭ0.08ϩ10 These equations provide an accurate means of computing the stress-strain curves for the whole range of experimental conditions studied, see, for example Fig. 21 , which may be compared directly with the experimental results shown in Fig. 7 . The equations are therefore a useful method of interpolation to obtain the mean flow stresses for comparison with those obtained from rolling. Excellent agreement is obtained, Fig. 9 , indicating that all the variables in Eqs. (2) to (8) influence rolling loads. However, it must be emphasized that, although physically based, the equations are empirical and should not be extrapolated outside the experimental range of conditions. In particular, it is expected that the power law relationship between s s and Z, Eqs. (2) and (4), will break down for values of s s greater than about 100 MPa. After deformation, the etching procedure leads to the formation of etch pits wherever dislocations emerge through the plane of polish.
14) The microstructures observed in slabs quenched immediately after hot deformation show the development of subgrain structures, Fig. 6 , and indicate that the present steel behaves as a typical dynamic recovery type of metal. The deformed structure depends markedly on the deformation conditions. When Z is less than 4ϫ10 14 s
(temperature Ͼ900°C for the present strain rate range), well developed uniform substructures are produced in coarse and fine grained material. When Z is greater than 4ϫ10 14 s Ϫ1 (temperature Ͻ900°C) poorly developed substructures are observed in plane strain compression tested specimens. This reflects the fact that at higher temperatures the thermally activated recovery processes are more accelerated, allowing the formation of well defined sub grains.
It is of interest to compare the flow stresses in the ferritic 3% silicon steel with those observed in an ultra low carbon steel tested in the austenitic condition.
15) The steady state flow stress expected in the absence of dynamic recrystallization in the austenite is 2.5 to 3 times higher than the presently observed flow stresses over the temperature range 900 to 1 100°C. Conversely, the flow stress equations show that a strain rate of the order of 200 times higher is required to attain the same flow stress in ferritic 3 % silicon steel as in low carbon austenite, which implies that the dynamic recovery rate is about two orders of magnitude faster in the ferritic silicon steel than in austenite.
Static Recrystallization
For the deformation conditions investigated, original grain boundaries, particularly triple points of boundaries are preferential nucleation sites for new recrystallized grains, Figs. 6, 11 and 16. This might suggest that the operative mechanism for nucleation is by localized grain boundary migration. However, the presence of austenite during deformation and the actual value of temperature of deformation, have both been shown to contribute to the development of microstructure and hence to the process of recrystallization. One reason is the increase in nucleation sites for recrystallization, Fig. 6 , due to the presence of the austenite particles. Austenite particles are harder than the ferrite matrix and the dislocation density introduced by deformation near these particles is expected to be higher than at a-a boundaries.
The recrystallization curves of finer grain size (235 mm) materials, Mat(A1) and Mat(B) follow Avrami type of kinetics Figs. 17 and 18. However, in coarse grained (850 mm) materials Mat(A) and Mat(A2), recrystallization kinetics behave differently, as shown by the existence of a plateau, Figs. 13 and 19 . The occurrence of incomplete recrystallization has also been previously reported in silicon steel 16) and in copper and aluminium bronze 17) after cold working and annealing. This occurred only in a limited temperature range and depended on the degree of prior deformation. Djaic and Jonas 18) observed an arrest in softening curves following hot compression of low carbon steel (0.14% C) to low strains, which they attributed to recovery processes. If static recovery in the silicon steel is more rapid than in austenite by the same factor as for dynamic recovery, then the development of a plateau because of recovery is even more probable.
Detailed analysis of recrystallization curves for coarsegrained materials suggests that the level of the plateau depends on the deformation variables and the initial grain size. 19) However, metallographic observation of the samples of Mat(A) with grain size of 850 mm showed clearly that the first recrystallization nuclei visible under the optical microscope were produced immediately during the quenching delay time (2 s) Fig. 6 . They were situated mainly at grain boundaries Fig. 6(a) , with evidence for nucleation at austenite particles in grain interiors, Fig. 6(b) . This initiation stage was followed by rapid development of recrystallization during subsequent annealing (stage1), leading to a saturation state (stage 2) due to the limited number of nu-
clei activated (which depends on initial grain size, strain and Z). The microstructure in stage 2 consists of fully recrystallized grains and recovered grains, in which the dislocation substructure still remains, Figs. 11 and 14. When impingement between recrystallizing grains occurs along original grain boundaries, further growth into non-recrystallized areas is arrested and no further nucleation occurs, because these areas have a reduced dislocation density as a result of concurrent static recovery. This can explain why the volume fraction of recrystallization remains almost constant. However, with increasing time of annealing, in stage 3 the now stable deformed grains completely recover (soften) by the disappearance of the dislocation substructure. Such grains retain the shape of the original deformed grains, but because they are apparently dislocation-free they have been counted as "recrystallized", leading to the apparent increase in X in stage 3 in Figs. 12 and 13 . The heterogeneity of recrystallization in Mat(A1), Fig. 16 , where austenite is concentrated at the centre of slabs is to be expected. Austenite particles lead to enhanced nucleation, and influence the distribution of dislocation density and hence the stored energy for recrystallization. This will lead to the higher recrystallization rate at the centre of the slab than at 1/4 thickness from the surface, in contrast to the faster recrystallization at 1/4 thickness when austenite is distributed throughout the bulk of the slab, as is the case in Mat(A), Fig. 13 . This latter effect is expected since hot rolling produces a distribution of plastic strain through the thickness of the slab due to temperature gradients and frictional effects 20, 21) leading to reversed shear near the surface and therefore to a variation in microstructural evolution through the slab thickness. 22) It is of interest to compare the observed recrystallized grain size (d rex ) and the time for 50 % recrystallization(t 50 ) with those expected for austenite under the same deformation conditions. The equations for these parameters in austenite 23) under deformation conditions before dynamic recrystallization occurs should be valid for grain sizes up to 235 mm. For austenite of grain size 235 mm deformed by two passes of 30 % reduction (eϭ0.82) at 900°C the predicted d rex ϭ24 mm. This compares with the observed value of 150 mm for 3 % silicon steel when no austenite is present. This shows that the more rapid dynamic recovery and coarser subgrain size in the silicon steel greatly reduces the probability of forming recrystallization nuclei. Similarly, the predicted t 50 ϭ0.7 s for austenite, which compares with the observed value of about 200 s, Fig. 18 , indicates that t 50 is about a factor of 300 times longer in the silicon steel. Considering that t 50 ∝d rex /G, where G is the mean growth rate of recrystallizing grains, indicates that G for the silicon steel is about a factor of 50 slower than for austenite. This large factor is consistent with the expected lower dislocation density after deformation (assuming this varies as s 2 ) and the much more rapid recovery, which further reduces the dislocation density during annealing.
Conclusions
(1) The stress-strain curves for iron Ϫ3% silicon in the temperature range 900 to 1 100°C, at strain rates of 0.05 to 5 s Ϫ1 are typical in form to those for other metals that soften by dynamic recovery. The curves are quantitatively described by equations of the same form as those developed for aluminium alloys.
(2) In the alloy containing 0.036 % C, austenite was present as coarse second phase particles. The volume fraction depended on reheating temperature, and was close to that expected in equilibrium. It had a systematic effect of increasing the flow stress, which is consistent with a law of mixtures, with the flow stress of austenite being approximately 1.75 times the flow stress of ferrite over the range of experimental conditions.
(3) At temperatures above 900°C, hot rolling or plane strain compression produced well developed subgrain structures which were revealed in optical microscopy by etch pitting.
(4) Annealing directly after rolling, and annealing specimens quenched after rolling and then reheated gave identical rescrystallization kinetics when these are presented in terms of equivalent time of isothermal annealing.
(5) On annealing specimens quenched rapidly after rolling, materials with a grain size of about 235 mm statically recrystallized with kinetics following the typical form of Avrami equations. However, for the coarse grained material, of grain size about 850 mm, recrystallization stopped before completion, to give a plateau. No further nucleation or growth of new grains then took place, but at annealing times longer than about 1 000 s, the subgrain structure within the remaining deformed coarse grains gradually disappeared, indicating that static recovery was continuing.
(6) The presence of austenite during hot deformation had a dramatic effect of increasing the recrystallization rate on subsequent annealing, and of reducing the recrystallized grain size, but there was no evidence that austenite present during annealing, had a significant effect. The same characteristic forms of curves were observed for the coarse and finer grain materials with and without austenite present.
(7) When the microstructure through the slab thickness is uniform during rolling, recrystallization is more rapid at 1/4 thickness than at the centre, but when the austenite content during rolling is heterogeneous this has a more dominant effect on recrystallization
